PCC energy pile is a new technology for sustainable development of urban areas. Learning and understanding the temperature variation of PCC energy pile are very important to its development and application. In this study, the Brillouin optical frequency domain analysis (BOFDA) technology is firstly used to measure the temperature variation of PCC energy pile from a model test. The aim is to provide an optical fiber sensing method for monitoring the temperature distribution of PCC energy pile. When the temperatures of circulating water are 70 ∘ C, 60 ∘ C, 50 ∘ C, and 40 ∘ C, the result shows that the temperatures of PCC energy pile under different conditions are measured well by the optical fiber sensor. It will help to master the temperature distribution and thermomechanical characteristic of PCC energy pile. It can also provide the important scientific and theoretical basis for the design and application of PCC energy pile.
Introduction
The solar energy and geothermal energy on the surface of earth which are restored in the shallow soil can be absorbed by ground source heat pump which will provide the energy to the building. It is a double system of heating and cooling in the energy-efficient way, less pollution, and environment protection based on the principle of heat pump. For the reasons above, ground source heat pump is widely used in engineering application. In recent years, the underground space is on the fast exploitation. The energy pile technology combined with the ground source heat pump and pile foundation is proposed by the civil engineers. Various shapes of heat exchanger units are laid in the pile foundation. The low temperature geothermal energy can be transferred in the shallow layer soil. It will meet the conventional mechanical function and realize the heat exchange of the shallow geothermal energy. It plays a dual role of pile foundation and ground source heat pump. The cast-in-place concrete large-diameter pipe pile (PCC pile) is a new type of foundation reinforcement technology developed by Hohai University with independent intellectual property rights, which has strong applicability in construction. It is very convenient to use in the soft soil reinforcement and control the quality of construction. Besides, the PCC pile has a very high capacity with low cost and the depth of reinforcement can be up to 25 m or more. According to the characteristics of PCC pile, a novel energy pile technology called PCC energy pile is developed (see Figure 1) , which has the features of efficient circulation of energy, less amount of concrete, high capacity of pile, space saving, and so on. The temperature variation of PCC energy pile is very important to optimize the design and construction of PCC energy pile. However, the little research has been done to the variation of temperature for this new kind of PCC energy pile. Now, the resistive sensor is commonly used to monitor the temperature of pile, but it is very easy to damp and is vulnerable to electromagnetic; it also needs to connect excessive data lines. The data obtained by the resistive sensor is often lost in the project. So the new temperature measurement technology and method should be used to monitor the temperature of PCC energy pile; it will show great significance for the development of PCC energy pile.
Journal of Sensors
The Brillouin frequency domain analysis (BOFDA) is a new technology for temperature and strain measurement. Using this type of distributed sensing technology, the parameters can be measured as a function of the length optical fiber sensor [1] [2] [3] [4] [5] [6] [7] [8] . The strain and temperature distribution information of the entire optical fiber can be continuously measured and real-time display by BOFDA technology. Meanwhile, the optical fiber sensor is a medium and a transmission channel with the characteristics of small size, light weight, geometric shape, and strong adaptability, antielectromagnetic interference, electrical insulation, high sensitivity, and so on. The distributed optical fiber sensor is easy to implement and perform remote monitoring; it can be widely used to monitor the deformation and temperature precisely in geotechnical engineering project [9] [10] [11] [12] [13] . In this paper, the new optical fiber sensing technology based on BOFDA is firstly used to monitor the real-time temperature variation of PCC energy pile. The layout of the optical fiber sensor and the PCC energy pile model test are proposed; the temperature data of PCC energy pile are obtained and analyzed.
Principle of BOFDA
The new distributed optical fiber sensing technology based on BOFDA was proposed in 1996 by Garus and the related experiments were carried out. The accuracy of spatial resolution of 3 m, temperature resolution of 5 ∘ C, and strain resolution of 0.01% was obtained [2] . The transfer function based on the location detection of the measuring point is achieved; its complex amplitude of the probe and pump light transmission are in full consideration. The temperature and strain distribution of optical fiber sensor can be obtained by calculating the impulse response function.
A fully distributed system can be realized by using the phenomenon called stimulated Brillouin scattering (SBS) in silica optical fiber. The SBS can be seen as the interaction of two counter propagating light waves with an acoustic wave within the optical fiber. There will be a frequency shift of the backscattered light and it depends on the strain and temperature distribution along the optical fiber sensor. The BOFDA analyzer calculates the complex transfer function by comparing with the optical signals in amplitude and phase. This function is converted by the inverse fast Fourier transform. In Figure 2 , a bunch of narrow-line width continuous pump light is injected into a single-mode optical fiber sensor from one side and a bunch of narrow-line width continuous probe light is injected into the optical fiber from the other side. The frequency of the probe light is adjusted to a value that is lower than that of the pump light. The frequency difference between them is approximately equal to the Brillouin frequency shift. A variable frequency with a sinusoidal signal is to detect the amplitude of modulated light. The detector is used to determine the intensity value of the signal at each frequency of probe light and pump light. The output signal of detector is input to the network analyzer instrument that is based on the light baseband transmission function. The output signal ℎ( ) of network analyzer converted by the inverse fast Fourier transform contains the strain or temperature distribution information along the optical fiber sensor [6] [7] [8] . Figure 2 shows the principle of BOFDA system.
Model Test of PCC Energy Pile
3.1. Instrument. The BOFDA instrument used in this study is fTB2505 produced by a German company called fibrisTerre GmbH. The instrument can be used for the continuous, long-distance strain and temperature monitoring by the optical fiber. It is also used to monitor the early damage of geotechnical structures, fatigue strength of bridges, tunnels, dams, high-precision strain of oil pipeline, and so on. The fTB2505 has the measure accuracy of less than 2 and temperature measurement accuracy of less than 0.1 ∘ C. It can achieve the spatial resolution of 0.5 m within the range of Tables 1 and 2 .
The fTB2505 is a readout unit for the distributed temperature and strain measurement using the optical fiber sensor. It can realize long-range, continuous sensing and structural health monitoring, which is very useful for the civil and geotechnical engineering project. The measurement system includes the monitoring software FTView, FTB readout unit, and a computer. The instrument and software can be seen in Figure 3 .
Test Equipment.
In order to simulate the actual work state of PCC energy pile, a PCC energy pile model test based on BOFDA is proposed. The test equipment mainly includes a PCC energy pile, soil, a heating device, and an optical sensing fiber sensor. Figure 4 is the diagram of model test for PCC The heater provides the heat to the model of PCC energy pile. The heater consists of four parts: thermostat control panel, heating pipe, pump, and circulating water. The heater uses circulating hot water as heat transfer medium; the water is heated by using electricity. It has a touch control electric cabinet which is easy to operate. Meanwhile, it also has the characteristics of fast heating and cooling, high accuracy, stability, and unique heat design with power. The single-mode optical fiber sensor is used as the temperature sensor in this test shown in Figure 5 (a). The optical fiber sensor responds quickly and can be monitored remotely to the long distance which can ensure the safety of person and equipment in the project. The optical sensing fiber sensor is laid helically as shown in Figure 5 (b); it should be examined in case there is some damage produced during the installation process. Figure 6 that the temperature of the optical fiber sensor along with PCC energy pile can be obtained during the measurement time that lasts for 180 seconds, and the temperature of the optical fiber sensor shows a decreasing trend with time. The temperature distribution of PCC energy pile with 70 ∘ C, 60 ∘ C, 50 ∘ C, and 40 ∘ C is shown in Figures 6(a), 6 (b), 6(c), and 6(d), respectively. It indicates that the temperature of PCC energy pile decreases when the water temperature decreases. When the water temperature decreases to 40 ∘ C which is equal to the temperature of PCC energy pile, there will be very small variation of temperature for the pile. The results indicate that the model test of PCC energy pile based on BOFDA is successfully developed to simulate the working state and monitor the temperature variation of PCC energy pile. The optical sensing fiber sensor is used to obtain a lot of useful data and good results for the pile.
PCC energy pile is a new pile; the reinforcement cost of PCC energy pile is low and very close to a flexible pile, while it has an effect of rigid reinforcement. The PCC energy pile can be used in the clay, sand, and silt soil area. In order to master the temperature distribution and thermomechanical characteristics of PCC energy pile, a PCC energy pile model test based on BOFDA is developed; the model test system is very good for the testing. The temperature of PCC energy pile is often measured by the resistive sensor. But the resistive sensor is easily destroyed; it also needs to connect excessive data lines and have only one piece of data for each monitoring point; the data is often lost in the project; it cannot obtain all the temperature information of PCC energy pile. So the new BOFDA technology is used to monitor the temperature of PCC energy pile in this test system; the result shows that the BOFDA technology can measure the temperature of PCC energy pile well and the optical fiber sensor is used to measure the temperature of every point for the pile. In the future, the strain of PCC energy pile should also be measured by the optical fiber sensor; this will show great significance for the development of PCC energy pile. protection. The cost of PCC energy pile is low; it can be used in the clay, sand, and silt soil area and will have a very broad prospect.
Conclusions
(2) As a new technology, the BOFDA monitoring technology is firstly used to measure the temperature of PCC energy pile; it shows that the optical fiber has the advantages of simple layout, high survival rate, and high precision.
(3) A PCC energy pile model test based on BOFDA is developed. The temperature variation of PCC energy pile can be effectively monitored by using BOFDA technology; the temperature information of PCC energy pile is obtained and the model test achieves good results.
